We study a calcium aluminosilicate glass of composition (SiO 2 ) 0.67 -(Al 2 O 3 ) 0.12 -(CaO) 0.21 by means of molecular-dynamics (MD) simulations, using a potential made of two-body and threebody interactions. In order to prepare small samples that can subsequently be studied by firstprinciples, the finite size effects on the liquid dynamics and on the glass structural properties are investigated. We find that finite size effects affect the Si-O-Si and Si-O-Al angular distributions, the first peaks of the Si-O, Al-O and Ca-O pair correlation functions, the Ca coordination and the oxygen atoms environment in the smallest system (100 atoms). We give evidence that these finite size effects can be directly attributed to the use of three-body interactions.
I. INTRODUCTION
Materials used in nuclear wastes confinement are made of glasses with complex compositions, and are based mainly on an alumino-boro-silicate network. These glasses have been studied for decades with the aim of testing their durability and their chemical resistance to water leaching, the process believed to be the limiting factor for their long time durability 1,2,3,4,5,6,7,8, 9 . When such glasses are altered by water leaching, the layers formed on the surface are hydrated silica-like porous gels enriched with aluminum and calcium.
Although it is often argued that the protective property of this layer stops the alteration processes induced by the leaching, no real justification has yet been given 10, 11, 12, 13, 14 .
In calcium aluminosilicate glasses (CAS), silicon and aluminum are both network formers and have a tetrahedral coordination with oxygens 15 . The tetrahedra are connected by entities. In principle, the number of NBO atoms in a CAS glass is entirely determined by the Al 2 O 3 /CaO ratio and this number is directly related to the viscosity of the glass forming liquid. However it has been shown that this simple picture is not fully correct and that an excess number of NBO atoms exists even for an Al 2 O 3 /CaO ratio equal to one, which corresponds -in theory -to a perfect polymerized network. This excess number of NBO atoms could explain the viscosity anomaly measured in these systems 18 and could also be related to the existence of other structural units such as oxygen triclusters and/or highly coordinated Si and Al atoms. The calcium environment is also not very well defined in that it is quite difficult to attribute a specific coordination to this species. Nevertheless, in pure CAS systems, it was observed by X-ray and neutron spectroscopies that the distribution of oxygen neighbors around Ca atoms is independent of the composition 16, 17 .Another feature observed in aluminosilicate glasses is the Al/Al avoidance principle: As the formation of Al-O-Al linkages is energetically less favorable than Si-O-Al linkages, the occurrence of the former should be very low in CAS structures 19, 20 .
Due to the experimental difficulties to study thin layers, an important first step to obtain a microscopic understanding of these materials can be achieved by the use of molecular-dynamics (MD) simulations. The aim of the present work is therefore to obtain a reasonable description of a CAS glass which composition is closed to the composition of the protective porous layer. However, in the case of such complex ternary systems, it is extremely difficult to find classical potentials that are able to give simultaneously a reliable description of the ionic and covalent bond lengths, of the bond angles and of the dynamics of the system.
Alternatively, one can obtain a good description of such structural characteristics and of the dynamics of these complex systems from ab initio calculations. But in this case, the price to pay is the very limited size of the system (100 to 200 atoms) and the very short accessible length of the MD trajectories, thus making difficult the generation of disordered systems with good statistics on the one hand, and the equilibration of the samples at low temperatures on the other hand. In the aim of testing the classical potentials, we intend to use an approach in which the structure of a glass generated by classical MD is relaxed -and therefore tested -by ab initio MD. This approach has already been successfully used in the case of a SiO 2 glass 21 and of a Na 2 O-4SiO 2 glass 22 . Since ab initio simulations are limited to a rather small number of atoms, we first carried out a systematic study of the finite size effects on the aluminosilicate system of interest using a classical potential.
In this paper, we present the study of a calcium aluminosilicate glass by MD simulations in which we analyzed the dependence of the structural and dynamical properties on the system size. In the first section, technical details on the MD simulations are given. Subsequently the dynamics of the liquids are presented in section two and the third section is devoted to the results obtained on the glass structure. Finally we discuss and summarize the results.
II. METHODOLOGY
The chosen composition of the calcium aluminosilicate glass samples for this study is 67%
SiO 2 -12% Al 2 O 3 -21% CaO in mole percent.
To describe the interatomic interactions, we used Born-Mayer-Huggins (BMH) and
Stillinger-Weber (SW) 23, 24, 25 potentials with the modified parameters of Delaye 26 which were obtained from an earlier study of complex multi-oxide glasses. The potentials include twobody and three-body terms. In Eq.
(1) the two-body interaction is given, where r ij denotes the distance between atoms i and j, and A ij , B ij , C ij and D ij are adjustable parameters.
The first term of this pair potential corresponds to the Coulomb term, the second one to the core repulsion, and the third and fourth ones are referred to as multipolar terms:
The Coulomb interactions were calculated using formal charges q i equal to +4 for Si, -2 for O, +3 for Al and +2 for Ca, and the standard Ewald summation method with alpha L=7.2 was used where L is the size of the cubic box. Bond orientations in the CAS system can be described by adding a three-body term involving the O-Si-O, O-Al-O and Si-O-Si triplets.
The three-body interaction is given by the product of a two-body interaction for each pair of the considered triplets by an angular strained force,
where r ij and r ik denote the distances between atoms i and j (or atoms i and k), θ jik is the angle between atoms j, i and k, and λ jik , γ ij , γ ik , r Newton's equations were integrated using a Velocity Verlet scheme with a time step of 1.8 fs accepting a final deviation of +7 K on the total energy for MD runs of 1 million steps.
Liquid samples of 100 and 200 atoms, generated using a random starting configuration, were equilibrated at different temperatures (from ≈ 3000 K to ≈ 7000 K). The lowest temperature for which the silicon self-diffusion was at least 7Å after 1.8 ns of MD trajectory for both system sizes, was taken as the liquid equilibration temperature: it corresponds to roughly 4200 K. Then, we generated and equilibrated independent liquid samples of different sizes at this temperature during 1.8 ns: 8 samples of 100 atoms, 4 samples of 200 atoms, 2 samples of 400 atoms, 2 samples of 800 atoms and 1 sample of 1600 atoms. The sizes of the corresponding boxes were respectively 11.32Å, 14.26Å, 17.97Å, 22.64Å and 28.52
A, corresponding to a density of 2.42 g.cm −3 , which is the equilibrium density obtained with this potential at this temperature. The experimental density for glasses of similar compositions at 300 K lies between 2.55 and 2.60 g/cm 327,28 .
III. DYNAMICS OF THE LIQUID
The mean square displacements (MSD), r 2 (t) = (r i (0) − r i (t)) 2 , of each atomic species were calculated at different temperatures for the systems of 100 and 200 atoms. In order to obtain a good description of the dynamical properties, it appeared that an average over a larger number of samples was needed. Therefore these dynamical properties were studied only for the smallest system sizes of 100 and 200 atoms and using averages over 30 independent samples. Figure 1 represents the MSD of the various types of atoms in the 200-atoms liquid as a function of time in a logarithmic plot.
At short times, all curves exhibit a straight line with a slope of 2 which indicates that all atoms move ballistically. Then, after a transient regime, the atoms show a diffusive behavior which is characterized by straight lines with slopes of 1. From the mean squared displacements at long times, the self-diffusion constants D were extracted using Einstein's law: carried out on supercooled liquids 30, 31 and in silica 32 which shows strong finite size effects in the dynamics of the smallest samples. However, in order to study more deeply the finite size effects on the dynamics of the CAS liquids, more statistics would have been needed for systems of larger sizes as well. Since our main purpose is to study the size effects on the glass structural properties, we considered that this is beyond the scope of the present work.
IV. STRUCTURAL ANALYSIS
After cooling down all liquids from 4200 K to 300 K using a linear quench with a rate of 10 13 K.s −1 and after a MD simulation of 150 ps at 300 K, we performed 1000 additional steps for the structural analysis.
A. Radial distribution functions
The radial distribution functions (RDF) were evaluated by means of Eq.(4) where N α and N β denote the number of atoms for species α and β and V is the volume 33 : poor statistics but appears to be due to correlations that exist in all samples of 100 atoms.
In The first peak of the Si-Ca and Al-Ca RDFs of the 1600-atoms system presents a double shoulder, Fig. 4a and Fig. 4c , which corresponds to two kinds of Si-Ca distances at 3.37
A and 3.57Å. A more pronounced double shoulder is also present on the first peak of the Al-Ca RDFs at 3.37Å and 3.57Å . These double shoulders are due to the presence of nonbridging atoms (NBO) in the SiO 4 or AlO 4 groups. As mentioned in the introduction, the non-bridging oxygen (NBO) atoms are defined as oxygen atoms that have only one network former (Si or Al) as nearest neighbor. Here, these neighbors are counted using cutoff radii defined by the location of the minima after the first peaks in the Si-O and Al-O RDFs.
A detailed analysis of the Si-Ca RDF is presented in Fig. 5a , b and c. Figure 5a shows the first peak of the Si-O RDF for the different environments Q x of the Si atoms. Since a Q x atom is defined as a network former atom surrounded by x bridging oxygen atoms, a Q x tetra-coordinated network former is thus surrounded by (4-x) non-bridging oxygen atoms. In summary, we find clear finite size effects for the 100-atoms system which affect the first peaks of the Si-O, Al-O and Ca-O RDFs. These finite size effects suggest that the glass models become more locally organized for the smallest system size. For all the other system sizes, the RDFs give information on the local structure which is overall in agreement with experimental data except for the Ca-O bond length that is found to be slightly too large.
B. Angular distributions and linkages
In order to calculate angular distributions, we have defined cutoff radii using the location of the minima after the first peaks in the Si-O and Al-O RDFs, Fig. 3a . Figure 6 represents
for the systems of 100 and 1600 atoms. All other system sizes show similar distributions as the ones of the 1600-atoms system. Like the RDFs, the angular distributions of the systems of 100 atoms follow the general shape of the 1600-atoms ones but they present many small peaks that are due to the more ordered character of the systems. Particularly in the case of 
C. Coordination numbers
In order to determine the Si, Al and Ca coordination numbers, we used the same cutoff radii as the ones used for the angular distributions. We found that the local order of the Si and Al atoms is very well defined in that the atoms are always fourfold coordinated whatever the size of the system is. However, as the minimum of the Ca-O RDF is not defined very well, we calculated the Ca coordination distributions for ten different cutoff radii, chosen so that they sample regularly the region of the minimum (see inset of Fig. 8 ). Only five of these distributions, as well as their average, are shown in Fig. 8 for the 1600-atoms system. The coordination distribution of the Ca atoms is strongly dependent on the choice of the cutoff radii and therefore caution should be used while discussing the average Ca coordination number.
The averaged Ca coordination distributions for the different system sizes are presented in Fig. 9 . From this figure, we can see that the Ca atoms have multiple local environments, the number of oxygen surrounding the Ca atoms ranging from 4 to 12. The maxima of these distributions are located between 7 and 8 except for the 100-atoms systems. In that case, the distribution seems to be shifted toward smaller numbers, to be more asymmetric and to have a maximum located at 6. From experimental measurements, the coordination of the Ca atoms were estimated to be equal to 7 in WAXS 17 and to 5.2 in X-ray diffraction 34 , and to 6 by Car-Parrinello simulations in a CAS liquid of 100 atoms 41 . Therefore it seems that our models slightly overestimate the Ca mean coordination and that this overestimation is compensated by finite size effects in the 100-atoms case.
D. Bridging oxygens, non-bridging oxygens, and oxygen triclusters
As defined in Sec. IV A, the non-bridging oxygen (NBO) atoms are oxygen atoms that have only one network former (Si or Al) as nearest neighbor. These neighbors are counted using the cutoff radii used for the angular distributions as well as for the coordination numbers.
The expected number of NBO atoms in the system can be estimated from simple stoichiometry arguments, if the system is supposed to be made of perfect tetrahedra with only 2-fold oxygen atoms. In that case, the number of NBO atoms is simply given by:
Following this argument, the percentage of NBO atoms in all systems should be equal to 9.52 %, if the Ca 2+ ions fully play their charge balancing role. However, in the simulated samples, we always find an excess number of NBO atoms. Fig. 10a etc. This information is given in Tab. IV. As it can be seen, there are no clear size effects on the relative number of Q x and most of the Si tetrahedra with NBO atoms are in the Q 3 conformation.
It has been proposed that the excess number of oxygen atoms could be compensated by oxygen triclusters, i.e. oxygen atoms which are bonded to three network former atoms 18, 41 .
We therefore evaluated the number of oxygen triclusters in our samples and we found that the percentage varies between 1 % and 1.5 %, Fig. 10c . Again, this percentage shows an increase with the system size as for the number of NBO atoms, Fig. 10a , even if the error bars are quite large for the small system sizes. Finally the number of BO atoms (which are not triclusters) was also evaluated and the resulting percentage is depicted in Fig. 10b .
In order to determine if there exists any particular trend in the formation of tricluster types (OSi 3 , OSi 2 Al, OSiAl 2 and OAl 3 ), we evaluated the percentage of these units in the case of a random distribution of the Si and Al atoms among the possible network former sites. Let N O3 be the number of oxygens triclusters. Then there are 3×N O3 bonds between the oxygen triclusters and the three network former neighbors. Among these bonds, we can distinguish the number of Si-O3 bonds, given by N Si−O3 , and the number of Al-O3 bonds, given by N Al−O3 . We consider the entity formed by the oxygen tricluster and its three neighbors as an ensemble of three T-O bonds (T = Si or Al). Then, the probability to pick out two Si-O3 bonds and one Al-O3 bond among the complete ensemble of 3×N O3 bonds can be written for the OSi 2 Al triclusters, using the standard combinatory notations:
where 
E. Rings distribution
In silicate systems, rings are defined as loops of T-O links (T=Si or Al) and the ring size distribution is a measure of the intermediate range order. In the case of aluminosilicate glasses, we defined a ring as the smallest loop composed of T-O links. Fig. 11 presents the ring size distributions computed for all system sizes. The distributions extend from rings of size 3 to rings of size 9 and they present a maximum located at 6 for all system sizes. As the size of the system decreases, the size of the box becomes comparable to the size of the rings and only few large rings can be found. However it is interesting to note that the distribution maxima do not shift to smaller values for the small systems, which indicates that the finite size effects are not significant on this quantity. This result is interesting since we know from the RDFs 35 that correlations exist in the 1600-atoms system up to 8Å at least, which is much larger than half the simulation box length of the 100-atoms system. Yet the fact that the medium range correlations are not taken into account in the 100-atoms system does not seem to affect the ring size distribution.
As the maximum of the rings distribution is 6 for pure silica 42 and 5 for aluminosilicate (AS2) 29 , we do not denote an effect of the presence of aluminum or calcium atoms in the rings distribution which is silica-like.
F. Static structure factor
In order to compare the global structure of the simulated systems with the one of real systems, we computed the neutron static structure factors. This was done using the relations:
with
where q is the scattering vector, N the number of atoms, N α and N β the number of atoms of species α and β, respectively. The factor f αβ is equal to 0.5 for α = β and equal to 1.0 for α = β, b α and b β are the neutron scattering lengths of species α and β, and are equal to 4.149, 5.803, 3.449, 4.700 fm for Si, O, Al and Ca, respectively 43 . Figure 12 shows the comparison of the neutron structure factors calculated for the systems of 100 and 1600 atoms. Even if the 100-atoms S n (q) is noisier, there are no perceptible differences between the 100-and the 1600-atoms structure factors. From the partial structure factors, the principal contributions to the S n (q) first peak appear to be due to the Si-Si, Fig. 13 ). Concerning the second peak, the main contributions can be attributed to Si-Si, Si-Al, O-O and Ca-O correlations. It is, however, more difficult to make a clear relation between the other peaks and the partial correlations.
Si-O, Al-O and O-O correlations (see
On the other hand, in the 1600-atoms S n (q), one can notice the existence of a very small pre-peak around 0.7Å −1 (denoted by a vertical dashed line in Fig. 13 ) which appears to be due to Si-Si, Si-O and O-O correlations. Since the Al-Al correlations do not contribute to this pre-peak, it is very likely that this feature is indeed due to the presence of the Ca atoms which induce the existence of pockets or channels and consequently, the oorganisation of the matrix on large scales. This type of long-range organisation has already been observed in sodo-silicate glasses and melts 44 .
Since no experimental data were available for the specific composition of the present work, in order to compare the computed S n (q) with experimental data, we had to generate a glass with a slightly different composition (60% SiO 2 , 10% Al 2 O 3 , 30% CaO). This new simulation was performed on a system of 800 atoms following the same procedure as described beforehand. The comparison between the computed and experimental structure factors from Ref. 17 is presented in Fig. 14. The agreement is good both for the positions of the peaks and for their intensities except at large q where irregularities do not permit to superpose the shoulder after the fourth peak.
The difference between the two computed compositions is the SiO 2 /CaO ratio, which is lower in the case of the experimental comparison. The differences between the structure factors at the two compositions, Fig. 12 and Fig. 14 , mainly concern the two first peaks.
In the experimental composition the first peak is lower and the second one higher than in the initial studied composition. This shift is due to the larger quantities of Ca in the experimental composition and has already been observed in a neutron scattering study of calcium aluminosilicate glasses of different compositions 17 .
V. DISCUSSION
The set of interatomic potentials used to simulate the calcium aluminosilicate glasses leads to structures that reproduce a series of experimental features if the studied sample contains at least 200 atoms.
Firstly, the simulated neutron structure factor is globally in agreement with the experimental one although some of the first neighbor distances are not correctly reproduced. Finally, another interesting structural feature concerns the existence of oxygen triclusters.
Recent reverse Monte Carlo calculations
If we consider that each Ca atom is "used" to compensate the charged AlO 4 tetrahedra and that the remaining Ca ions create non-bridging oxygens, the predicted concentration of nonbridging oxygens is lower than the simulated ones. This result means that the Ca atoms are not completely consumed by the AlO 4 tetrahedra, and part of the AlO 4 tetrahedra are charge-balanced by the oxygen triclusters. The existence of the latter, proposed originally in Ref. 46 However for the glass models containing 100 atoms, the structural characteristics are quite different indicating that these systems are subject to finite size effects. To test whether these size effects are due to the used potential or to the complexity of the glass, we performed simulations on a 78-atoms system of pure a-SiO 2 by using two different potentials: the present one detailed in section II and the so-called BKS potential derived by van Beest al. 49 . Whereas the SiO 2 glass obtained with the BKS potential did not show any finite size effects, the size effects observed in the present work on the RDF first peaks and on the angular distributions were still present with the potential described in section II. The main differences between the two potentials reside in the fact that the BKS potential comprises partial charges for the Si and O ions and does not include three body terms.
In order to determine whether the size effects in the CAS system are induced by the presence of the three body terms, we have performed calculations without the three body terms. By neglecting the angular terms, we do not obtain a correct structure, since a large number of miscoordinated silicon atoms are found. However the structural quantities concerned by the finite size effects can still be examined. For instance, the first peaks of the Si-O and Al-O radial distribution functions for systems of 100 and 1600 atoms have been compared without the three body terms and we clearly observe the disappearance of the size effects on those RDFs. The finite size effects also disappear in the angular distributions.
These considerations allow us to clarify the effect of the angular terms on the calculated glassy structures. The enhancement of the local order observed for the small systems is due to the three body terms: it completely disappears when these terms are removed.
However, for the smallest systems, finite size effects are still present since the structure on distances beyond L/2 is influenced by the periodic boundary conditions. Therefore it is not possible to investigate the intermediate range order, which in these type of materials extends up to 10-15Å, in systems that are smaller than 10Å. These effects are not responsible of the enhancement of the local structure, but rather of the modification of the structure factor at low q. These effects are somehow trivial and can be easily be taken into account.
In this work, we have presented a systematic study of the liquid dynamics and the structural properties of a calcium aluminosilicate glass as a function of the system size. This were found to be slightly too large.
In conclusion, the present work gives confidence in the fact that the local structure of relatively complex glasses can be studied by the means of ab initio simulations carried out on relatively small samples (200 atoms). On the other hand, it also gives indications on the weaknesses of the presently used classical potential and guidelines for possible improvements. 
